Iron droplets can be entrained into the slag phase when gas bubbles pass through the molten iron/slag interface. The entrainment phenomena occurring during passage of single bubbles through the interface were investigated by using in-situ X-ray transmission (fluoroscopic) techniques and by collecting and measuring the entrained iron droplets. The effects of bubble size, interfacial tension and viscosity of the slag on the iron droplets entrainment were investigated. The results showed that the mass of the entrainment increased with the increasing bubble size, but decreased with increasing interfacial tension and slag viscosity. A dimensionless equation was proposed to describe the relation between the entrainment of metal into slag and the above-mentioned parameters. This information can be used to optimize heat and mass transfer processes e.g. in ladle metallurgy and to reduce the financial loss due to metal discard within the slag.
Introduction
The mass and heat transfer between iron and slag is greatly accelerated by gas bubbling due to metal droplets entrained into slag phase, hence, the entrainment phenomena occurring during passage of bubbles through the slag/iron interface is of considerable practical interest. 1) Denser liquid droplets entrained into lighter liquid phase by gas bubble have been investigated by using low temperature media. [2] [3] [4] [5] [6] [7] However, very rarely were high temperature agents used. 8, 9) It was shown that discrete gas bubbles must exceed a certain minimum volume to cause entrainment of the heavier liquid from the lower layer into the upper layer of the lighter liquid. The total entrainment is caused by both jet and film entrainment.
10) The volume of the denser liquid that will be entrained by a discrete bubble is strongly influenced by the fluid properties of both lighter and denser liquid. [2] [3] [4] [5] [6] [7] However, the data is still quite rare, For a quantitative description of heat and mass transfer or reactions through metal droplets in slag, some uncertainties should be cleared up in respect to the quantity of droplet formation by gas bubbling according to the fluid properties of metal and slag.
Experimental Apparatus and Procedure
The experimental apparatus used here has been described in the preceding paper. 10) Schematic diagram of the experimental apparatus is shown in Fig. 1 .
The slag samples with different compositions were premelted in an induction furnace under vacuum conditions. In most experiments the iron droplets entrained into the slag by gas bubbles were attempted to be gathered by a ceramic collector plate. An alumina plate was holed in the center and hemispherical pits of 2 mm in diameter or grooves 2ϫ2 mm were drilled or ground on the whole upward flat surface to collect metal droplets. Normally, the diameter of the hole was 3-4 mm larger than the equivalent diameter of a bubble (typically 10-14 mm). The sharp edge of the hole on the downward side was ground smoothly by a diamond tool.
In each typical experiment the furnace was preheated to 1 580°C, then an alumina crucible-capillary system and a graphite crucible were introduced into the furnace tube from the bottom and the top, respectively. The alumina crucible with 35 mm I.D. and 60 mm height contained 135 g iron sample. Four different alumina capillaries were used to produce bubbles with different size, their I.D./O.D. were 2/4, 1.6/3, 1/2 and 0.7/1.3 mm, respectively, all their length was 550 mm. The alumina plate was located inside the crucible above the iron charge. The graphite crucible with 35 mm I.D. and 65 mm height was filled with 55 g slag.
After the furnace tube was purged by pure argon about 2 min, 90 % Ar plus 10 % H 2 mixture gas was introduced as protective atmosphere. The alumina crucible was moved upwards slowly to the high temperature zone, while the graphite crucible was moved gradually downwards to the furnace center. After the iron was partly melted and covered the mouth of the alumina capillary (the pressure curve appeared on the monitor screen), the graphite crucible was quickly moved downwards to be seated on the alumina crucible to melt the slag and allow it to flow onto the iron melt. The whole period of the crucible moving and materials melting took about one hour; during this period the gas flow rate from the capillary was very low (ϳ0.2 mL/min). After the iron and slag samples were totally melted, the alumina plate, with a density (about 3.8 g/cm 3 ) greater than the density of the slag (about 2.6-2.8 g/cm 3 ) but lower than that of liquid iron (about 7.1 g/cm 3 ), floated on the surface of the iron melt submerged in the liquid slag. When experiments with gas bubbles passing through the iron/slag interface were conducted both with and without the alumina plate, no significant differences were observed. When the gas flow rate was set to the proper value (normally, 1.7-5.0 mL/min), observation of the phenomena and counting of bubble numbers began by means of X-ray imaging. Bubble formation frequency was 20-40 bubbles/min during observation of entrainment caused by single bubbles. When the single gas bubbles passed across the slag/iron interface and through the hole in the centre of the ceramic plate, iron droplets entrained into slag moved upwards in the wake of the bubble to a certain distance and then descended downwards by the gravity. A minor part of them, about 1/2 to 1/3 (estimated from the X-ray observation), were then collected by the alumina plate, whereas the bigger part of the droplets returned through the hole back to the bulk iron melt. From the statistical point of view, the more samples are taken, the more reliable the result is; therefore, about 400 bubbles were injected in the most of the individual experiments. Prolonging the time of gas injection increased the risk of the breakage of the capillary-crucible system. After a certain number of bubbles were injected into the iron melt, the gas supply was shut down, and the two crucibles were slowly moved to the two ends of the furnace tube and discharged. The crucible was cooled down and cut into two parts from the centre, then the cross-section was observed under microscopy. Solid iron and slag were then sampled and sent for analysis. The mass of iron droplets collected on the alumina plate could be measured through X-ray imaging or weighed after crushing and separation from the slag by magnet. The surface tensions of iron melts and the interfacial tension between iron and slag melts were calculated according to the chemical analysis results by using Cramb's equations.
11) The slag viscosities and surface tensions were estimated from the literature. 12) 3. Results Figure 2 presents the mass of iron entrainment to the slag caused by bubbles of different sizes. In these experiments, the compositions of slag and iron were the same, the atmosphere and the experimental sequence were identical, and thus only the bubble size was varied. The volume of the bubbles seems to have a very significant influence on the mass of entrainment. Up to an equivalent bubble diameter of about 10 mm, almost no jet droplets were formed and captured by the ceramic plate. As the bubble size was increased, more and more jet droplets were produced and settled on the ceramic plate. When the bubble equivalent diameter reached above 13.5 mm, 100 bubbles could produce 0.4 g iron droplets. This corresponded to 100 droplets with a mean weight of 0.004 g and mean diameter of 1.03 mm. The effect of bubble size is further confirmed when the mass of iron droplets is related to a constant volume of the bubbled gas as shown on the right side of Fig. 2 . Three typical X-ray images showing iron droplets, which produced by different size bubbles and collected on the ceramic plates, were given in Fig. 3 . These results are reasonable, because the big gas bubble has a larger cap film area and can cause a stronger bubble wake to raise the jet. The bigger the bubble is, the higher the jet, and the more jet droplets produced. In these experiments the slag compositions changed a little along with the bubbling. Before the experiment, the weight percentage of the slag was 50 % CaO and 50 % Al 2 O 3 , while after the experiment it was about 41 % CaO and 59 % Al 2 O 3 , due to some Al 2 O 3 having eroded into the slag from the alumina crucible and the plate. The typical iron and slag compositions after the experiment are listed in Table 1 . The interfacial tension was estimated as 1270 mN/m, based on the chemical analysis.
Effect of Bubble Size

Effect of Interfacial Tension
The interfacial tension between the iron and slag phase is more than an order of magnitude greater than the interfacial tension of those fluid pairs investigated at room temperature. Therefore, the results from the room temperature systems cannot be directly applied to the present high temperature system.
The presence of solutes such as oxygen and sulphur has been shown to cause drastic effects on interfacial tension. In the current experiment, different interfacial tensions were obtained by adjusting the oxygen content in the iron melt and fixing the slag composition properly. The initial slag composition was fixed as 50 % CaO and 50 % Al 2 O 3 . In some experiments a small amount of wustite (0.2-0.5 g) powder was added to decrease the interfacial tension. According to the chemical analysis results, the interfacial tension values were obtained by using the Girifalco and Good's model where the Fe, s, and g in the subscripts represent the iron, slag and gas respectively, and the unit is mN/m. After reevaluation of the experimental data, Chung and Cramb 13) expressed the surface tension of liquid iron containing oxygen at 1 550°C as:
Taking into account the temperature dependence of the surface tension of liquid iron, 14) the following equation was used in this work to get the surface tension value of liquid iron at 1 580°C that was used for the interfacial tension calculation.
where a o is the activity of oxygen in the iron melt. If the iron melt was not deoxidized by aluminium, a o was considered the same as O tot (total oxygen) by neglecting the effect of other oxides as their concentration was very low, as indicated in the case lists in Table 2 . However, in the case of aluminium deoxidized iron melt, a o was decided by the equilibrium between the oxygen and the solute aluminium in the iron melt, its value was listed in Table 2 .
In the Eq. (1), F is the characteristic of the system. F tends to zero when there is no interaction between the phases, and increases as the attraction between the phases increases. The following equations were developed by Cramb and Jimbo for the calculation of F By using these Eqs. (1)- (5), and the surface tension values of slags obtained from the literature, 12) the interfacial tension values for the present systems could be calculated.
As shown in Fig. 4 , the interfacial tension has a marked effect on the mass of entrainment. When increasing the interfacial tension, the mass of entrainment was dramatically decreased when the interfacial tension is between 1 100 and Table 2 . Composition of slag and iron couples with different interfacial tensions after the experiment (wt%). 1 200 mN/m, and only slightly when the interfacial tension is larger than 1 200 mN/m. In these experiments, the interference of the bubble size was minimized by attempting to keep the bubble diameter constant. This did not fully succeed, but they varied only from 11.6 to 11.8 mm. Its effect was, however, negligible in comparison to the effect of interfacial tension. Three typical X-ray images showing iron droplets, which produced by bubbles with different interfacial tensions and collected on the ceramic plates, were given in Fig. 5 . It is evident that high interfacial tension can retard the bubble movement; the bubble was decelerated, its wake was weakened, thus reducing the jet height and the mass of entrainment. On the other hand, when the interfacial tension was low, the bubble passed through the interface with a negligible delay and formed a strong wake, which enhanced the cavity collapse and jet formation. The high jet was unstable and produced the droplets. Figure 6 shows the effect of the slag viscosity on the mass of iron entrainment. With the slag viscosity increased, the entrainment by a single bubble decreased markedly. Four different kinds of slags were prepared, three of them had the initial composition containing 20 %, 10 % and 0 % CaF 2 , respectively, the fourth contained 40 % SiO 2 , and the rest composition were with 1 : 1 CaO and Al 2 O 3 . After the gas bubbling their composition changed a little due to absorbing Al 2 O 3 from the alumina crucible and plate. According to the literature, 12 ) the viscosities of those four different slags were about 0.05, 0.1, 0.4 and 0.8 Pa s, respectively. The viscosity of molten iron was kept constant and the density changes of those slags were minor. The bubble sizes varied from 11.6 to 11.7 mm. As far as the highest viscosity slag containing about 40 % SiO 2 is used, the interfacial tension was decreased as well. Accordingly, the mass of entrainment should increase, but as clearly illustrated in Fig. 6 , the mass of entrainment greatly decreased when the slag with the highest viscosity was applied. The other three kinds of slags had a similar interfacial tension value, because the addition of CaF 2 into the slag only slightly raised the original value of the interfacial tension. 12) After bubbling, the typical composition of the four pairs of the slag and iron were listed in Table 3 . Three typical X-ray images showing iron droplets, which produced by bubbles under different slag viscosities and collected on the ceramic plates, were given in Fig. 7 .
Effect of Slag Viscosity
Although the slag viscosity does not affect static force balances, it would be expected to influence bubble rise velocity, and that in turn would affect the characteristics of the bubble wake. When bubbles pass through a more viscous slag phase, more kinetic energy is used to overcome frictional force, and the bubble is decelerated further; the jet induced by the gas bubble is then more difficult to raise to an unstable height, then a lesser degree of entrainment is produced. Table 3 . Compositions of slag and iron after the experiments with the different slag viscosities (wt%). According to the in-situ X-ray observation, the iron droplets entrained into slag were mainly formed from two sources, jet entrainment and film entrainment.
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10) The size distribution of iron droplets is desirable but difficult to measure. Small iron droplets often coalesced to form a bigger one when resting on the collector plate during the bubbling period. As a rough estimation, the diameter of jet droplets is about 7-15 % of its parent bubble diameter. Interfacial tension and slag viscosity seem to have minor effect on the size of jet droplets, but significantly affect the efficiency of jet entrainment. The size of the iron droplets formed from film entrainment was, in general, less than 10 mm.
Effect of Chemical Reaction between Slag and
Metal Phase In industry, when different steelmaking operations are performed, they are generally characterised by exchange reactions between the metal and the slag phase (desulphurisation, deoxidation etc.). Thus there are non-equilibrium conditions at the metal-slag interface. It is of great interest to observe the mass entrainment from iron to slag by gas bubble under dynamic interfacial conditions. The exchange reaction between the iron and the slag phase causes mass transfer, and also causes the interface to be in active state. During the reaction, it is possible for the interfacial tension to decrease remarkably. Under this dynamic interfacial condition, the Marangoni flow where convection in fluids is driven by gradients in interfacial tension may be developed. Chung and Cramb have reported the emulsification of metal droplets from "sessile" metal drop into the surrounding slag driven by Marangoni flow. 13) In the present experimental work metal droplets, eventually entrained or emulsified by Marangoni flow could not be distinguished from the droplets formed by gas bubbling.
The effect of the exchange reaction on the mass of entrainment caused by gas bubbles was first studied between SiO 2 in the slag and Al in the iron phase. The metal phase was obtained by melting electrolytic iron together with FeAl alloy under the protection of CaO-Al 2 O 3 slag in a vacuum furnace. The product contained 4.67 % Al, the composition of which is listed in Table 4 . The amounts of slag and metal in the experiment were 55 g and 135 g, respectively. When the high aluminium containing iron is brought in contact with the SiO 2 bearing slag, it is evident that the following reaction takes place: Figure 8 clearly shows the dramatic effect of the reaction on the interfacial phenomena. The upper surface of the iron melt turns flat, indicating a drastic lowering of the interfacial tension (compared with Fig. 3) . Further, it can be anticipated that even a small bubble could penetrate through the interface very quickly, due to very low interfacial tension. As shown in Fig. 8 , although the equivalent diameter of bubble was only 10 mm, the iron entrainment by gas bubble was significantly greater than in the cases without chemical reaction. The chemical analyses of the slags before and after the experiment were given in Table 5 .
A further experiment was performed by adding iron oxide into the slag. The metal phase contained 4.67 % Al just same as in the previous experiment. The reaction was observed during the slag addition onto the iron melt surface. In this case, the chemical reaction between the slag and the metal phase was as follows:
The size of bubble formed was about 8 mm. As presented earlier, this bubble size would not be expected to produce any jet droplets or any metal entrainment in the previous experiments, under normal interfacial conditions; however, as shown in Fig. 9 , in this experiment even a small bubble entrained a large amount of iron into the slag. The chemical analyses of the slags before and after the experiment are given in Table 6 . Except for iron oxide, SiO 2 was also partly reduced by aluminium. Table 4 . Chemical analysis of the iron-aluminium alloy (wt%). Table 5 . Chemical analysis of the slags before and after the experiment under chemical reaction (6) (wt%). Table 6 . Chemical analysis of the slags before and after the experiment under chemical reaction (7) (wt%). 
Dimensionless Correlation
The experimental results indicate that the volumes of entrainment from the heavier liquid into the lighter liquid by single gas bubbles is a function of the gas bubble volume, the interfacial tension between the two liquids, the viscosity, and the density of the two liquids. In view of the complexity of the phenomena and the dependence on a large number of factors, it is appropriate to develop a correlation to represent the experimental data.
Several dimensionless correlations have been developed to predict the mass entrainment from heavier liquid phase to lighter liquid phase by rising gas bubble. 2, 4, 6, 8) A correlation was developed by Lin et al. by using low-temperature oil/aqueous and oil/mercury systems, in which the bubble size, the density difference between the two liquids, as well as the viscosity of the two phases were taken into consideration but not including the influence of interfacial tension. 2) Another correlation was derived by using similar systems, including the influence of interfacial tension but omitting the effect of viscosity of the both phases. 4) A further correlation was derived form the force balance between bubble buoyancy and interfacial tension, taking into account the bubble volume and Reynolds number in both liquids. 6) There was even work based on high temperature experiments, where gas was bubbled via carbon saturated ironliquid slag system. 8) Due to different experimental set-up and physical properties, the mass of entrainment was much higher than in the present work and the results were not comparable.
The current approach has the same startpoint as Reiter and Schwerdtfeger, who used Eötvös number (grD b 2 /s) (g is the acceleration of gravity, r the density, D b the bubble diameter, s the surface tension of a liquid) to build a link between different systems. 4) In an earlier work, Papachristodoulou stated that the Eötvös number could be a suitable link to predict the critical bubble diameter which produce the maximum amount of ejection when bubble burst on the free surface of different systems. 15) However, it was observed that the Eötvös number could not be used successfully to predict the critical bubble size in iron melt according to our experimental data. 16) 16) Thus a new correlation was obtained by using a similar formula developed by Reiter and Schwerdtfeger 4) for room temperature systems and replacing the Eötvös number by the new dimensionless group: ....... (8) where M is the mass of entrainment, V b the volume of a bubble, the m and s in the subscripts represent the iron and slag, respectively. The variation of the density ratio between slag and iron is small; hence it could be inserted into the constant. By applying the experimental data in the present work, the following correlation was obtained to roughly estimate the mass of entrainment due to a single gas bubble passing through the interface between the liquid slag and iron:
.......... (9) As shown in Eq. (9), a complicated process, which was influenced by many parameters, could be represented by a simple form of correlation. Relation between the dimensionless correlation Eq. (9) and the experimental data was presented in Fig. 10 . A schematic diagram describing the relation between these parameters is presented, based on Eq. (9), and shown in Fig. 11 . It can be seen from the figure that metal entrainment into slag is favoured by a big bubble, low interfacial tension and low slag viscosity. In the case of interfacial reaction metal entrainment can take place also at low oxygen and sulphur contents and small bubble size. The approximate correlation given by Eq. (9) was derived from the data for which bubble size varied from 8 to 14 mm, viscosity from 0.05 to 0.8 Pa s and interfacial tension from 1 000 to 1 500 mN/m. Beyond these limitations, care should be exercised in using it for quantitative analysis of the iron entrainment into slag. Further experimental work is needed to evaluate the validity range of the equation.
Conclusions
Entrainment of iron droplets into slag by gas bubbles passing through the slag/iron interface was investigated experimentally by using in-situ X-ray transmission techniques and optical microscopy of the cooled specimens afterwards.
The effects of bubble size, interfacial tension and viscosity of the slag were investigated. The results showed that the mass of the entrainment increased with the increasing bubble size, but decreased with increasing interfacial tension and slag viscosity. A dimensionless equation was derived to describe the relation between the entrainment of metal into slag and the above-mentioned parameters. This information can be used to optimise heat and mass transfer processes e.g. in ladle metallurgy and to reduce the financial loss due to metal discard within the slag.
